SUMMARY The diameters of the ascending and descending aorta at the level of the carina were measured from computerised tomograms in 200 adults without cardiac or aortic disease. At all ages the ascending aorta had a greater cross sectional area than the descending aorta, and both areas increased significantly with age. The increase was proportionately greater in the descending than in the ascending aorta and the percentage changes were similar in males and females, the latter having a smaller mean descending aortic diameter. 
Volumetric cardiac output may be measured noninvasively by means of echocardiography to measure aortic diameter and Doppler ultrasound to measure aortic blood velocity.l -4 Left ventricular stroke volume is calculated as the product of aortic cross sectional area and the systolic velocity integral or aortic blood flow. The measurement of velocity is simple and highly reproducible,5 but measurement of aortic cross sectional area is technically difficult and is the least reproducible part of the procedure.8 -10 In intervention studies it would therefore be simpler to make a single measurement of aortic diameter and assume that it is constant.3 l We have gone further and have suggested that the measurement may be dispensed with entirely and velocity measurements used by themselves to measure linear, as opposed to volumetric, cardiac output.12 13 The systolic velocity integral is then known as stroke distance and its product with heart rate as minute distance. These are analogous to stroke volume and cardiac output respectively. An aortic cross sectional area that is reasonably constant is a prerequisite for the Requests for reprints to Dr John M Rawles, Departnent of Medicine, University of Aberdeen, Foresterhill, Aberdeen AB9 2ZB.
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In normal adults peak aortic blood velocity, stroke distance, and minute distance decline with age.13 14 This could result from a reduction of volumetric cardiac output or an increase in aortic cross sectional area, and the relative importance of these two factors is not clear. We have therefore measured the diameters of the ascending and descending aorta in 200 adult patients in order to determine the effect of age on aortic cross sectional area and to see whether any increase in size with age is sufficient to account for the observed fall of aortic blood velocity.
In the short term, blood pressure is an obvious factor that might affect aortic size and hence aortic blood velocity. In cases the ascending aorta was larger than the descending aorta, the mean ratio of the two areas being 1-7. Both sections of the aorta were larger in males than in females. Cross sectional areas of both the ascending and descending aorta increased with age (r=0 59, p<0001 and r=0 61, p<0001), the regression equations being respectively y = 3 63 + 0 097x, and y = 1 42 + 0 072x ( When an increasing transmural pressure difference causes an elastic tube to expand, it increases in length ( Blood pressure and stroke volume (%.) Fig. 8 Calculated effect of concomitant change of mean blood pressure and stroke volume on stroke distance with constant peripheral resistance in various age groups. On the abscissa 100% represents a mean blood pressure of 100 mm Hg. Raw data from Hallock and Benson.1l5 16 centage increase in length then:
6 volume %2/33^GSA % In an elastic tube, however, the longitudinal wall stress is half the tangential wall stress, and in the human aorta the tangential elastic modulus (El) is 1k2 times the longitudinal elastic modulus (E1).17 Therefore,
(1 +6) volume=ir (r(1 +6))2 X 1(1 +0-6 (6)) We used this equation in an iterative computer method to apportion the increase in volume between cross sectional area and length. Figure 6 shows the calculated effect of blood pressure on cross sectional area. The inflection in the curves is less marked than that in the pressure-volume curves seen in Fig. 3 . The cross sectional area at zero pressure increases with age, but at high pressure, except for those from the 71-78 age group, the younger aortas are more distensible and there is a negative relation between age and cross sectional area.
Assuming a flat velocity profile:
Stroke volume = GSA x stroke distance (1) Hence, stroke distance is proportional to the reciprocal of cross sectional area, enabling the effect of blood pressure on stroke distance to be calculated, as shown in Fig. 7 
From (2) and (3) the radius at a pressure of 100 mm Hg (Rloo) is calculated by iteration as before. Tangential stress in the aortic wall at pressure P is S=0 04xP-0 00035xAxP+0 01 xA-0 9 (4) and when P= 100 mm Hg S0o0=3-1-0-025 x A (5) The tangential elastic modulus for pressures around 100 mm Hg is given by (6) Et = A/2
The radius at pressure P is Rp-= Rlo + (S-Sloo) x RIoo/Et Hence, using (1) Fig. 11 The effect of age on the slope of the relation between stroke distance and stroke volume, measured at a mean blood pressure of 100 mmHg and assuming constant peripheral resistance.
pressure. Assuming constant stroke volume, the predicted relation between mean blood pressure and stroke distance for blood pressures between 0 and 225 mm Hg and ages 20-80 is seen in Fig. 9 , which is essentially similar to that observed in Fig. 7 .
In Fig. 10 constant peripheral resistance is assumed and the relation between stroke volume and stroke distance is predicted for the same range of blood pressures and ages. The overall pattern is very similar to that observed in Fig. 8 respectively. In the arch of the aorta, roughly midway between these sites, the increase of cross sectional area may be estimated to have an intermediate value of 128%. Since there is no reason to believe that there is any major change in the thickness of the aortic wall with age, the percentage increase in cross sectional area of the lumen is almost certainly greater than this estimate which is based on measurement of external aortic diameters. If the aortic wall thickness is assumed to be 1-5 mm at all ages, then the increase in the area of the lumen of the arch is about 156%, sufficient to cause a fall of stroke distance to 39% of its initial value, which is exactly the fall observed.
From the regression equation given by Bader for the radius of the descending aorta at different ages, the increase in cross sectional area between age 20-80 is 159%, close to the value of 151% that we obtained.
Strehler and Schmid describe a nomogram for prediction of the external diameter of the aortic knuckle measured from a chest x ray,'9 but the number of measurements on which it is based is not given. At age 58, the mean age of our series, the predicted cross sectional area midway between ascending and descending aortic sections is 7-8 cm2 compared with our estimate of Greenfield and Patel, though in the small number of patients that they studied the expected influence of age on circumferential extensibility did not achieve statistical significance (r= -0 51, NS). Static and dynamic elastic moduli are similar in vessels such as the aorta that owe their elasticity predominantly to elastin and collagen and do not have an important muscular component.28 Thus, the theoretical relations between age, mean blood pressure, and stroke distance shown in Fig. 10 are matched by the static pressure-volume measurements of Hallock and Benson from which Fig. 8 is derived, and the dynamic measurements of Greenfield and Patel.
If serial stroke distance measurements are to be used to detect changes of volumetric cardiac output then a linear relation between them is desirable. An approximately linear relation between stroke distance and stroke volume is predicted for all ages above 30, and even at age 20 the departure from exact linearity would have little practical importance. More disadvantageous to this method of measurement is the buffering effect of the highly elastic aorta at age 20, so that only 34% of a change of stroke volume is reflected in a change of stroke distance, reducing the ability of the method to detect a change of flow rate. There are, however, two mitigating points. At age 20, mean blood pressure is normally about 90 mm Hg and at this pressure the curve is somewhat steeper, and it is steeper still in the clinically important region where blood pressure is below normal. Secondly, this degree of flattening of the slope relating stroke distance and stroke volume assumes constant peripheral resistance and therefore a proportionate fall of mean blood pressure and cardiac output. In reality, blood pressure is likely to fall less than cardiac output because the former is under tighter homoeostatic control than the latter.29
In an artificial circulation that included a pig aorta we showed that the graph of minute distance against blood flow rate had a slope of 84%, which was comparable to that predicted in humans at age 50.7 Besides the slope of the relation between stroke distance and stroke volume, the ability of Doppler measurement of blood velocity to detect a change of flow rate depends on the reproducibility of the measurement. 30 In this respect the method performed as well as the best thermodilution equipment tested, and the overall performance in vitro was comparable despite the adverse effect on the elasticity of the aorta.
CONCLUSIONS
For stroke distance to be a useful measure of cardiac output, aortic cross sectional area must be reasonably constant, or else change in a predictable way. The most important factors affecting aortic size in adults are age and blood pressure. The cross sectional area of the aorta more than doubles between the ages of 20 and 80, and this is sufficient to explain the observed fall of stroke distance with age which necessitates adjustment of the results for age. At age 20, the elasticity of the aorta causes considerable dampening of the blood velocity change resulting from a change of cardiac output if there is concomitant alteration of mean blood pressure. Above this age, elasticity is less and change of aortic size with blood pressure does not constitute a major problem.
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